Background: Although orthodontic white spot lesions (WSLs) are one of the most often and most evident adverse effects of comprehensive fixed appliance treatment, the efficacy of interventions for WSLs has not yet been adequately assessed in an evidence-based manner. Objective: Aim of this systematic review was to assess the therapeutic and adverse effects of interventions to treat post-orthodontic WSLs from randomized trials in human patients. Search methods: An unrestricted electronic search of eight databases from inception to May 2016. Selection criteria: Randomized controlled trials assessing any interventions for post-orthodontic WSLs on human patients. Data collection and analysis: After duplicate study selection, data extraction, and risk of bias assessment according to the Cochrane guidelines, random-effects meta-analyses of mean differences (MDs), standardized mean differences (SMDs), and odds ratios (ORs), including their 95% confidence intervals (CIs) were performed, followed by subgroup and sensitivity analyses. Results: A total of 20 unique studies and a total of 942 (42 per cent male and 58% per cent female) patients were included, with an average age of 16.2 years and a mean number of 8.2 WSLs (range 2.2 to 45.4) per patient. These were allocated to adjunct treatment with casein phosphopeptidestabilized amorphous calcium phosphate creams, external tooth bleaching, low-or highconcentration fluoride films, gels, mouthrinses or varnishes, resin infiltration, miswak chewing sticks, bioactive glass toothpastse, or to no adjunct treatment (i.e. conventional oral hygiene). The monthly use of fluoride varnish was the best supplement to improve WSLs in terms of lesion area (1 trial; MD = −0.80 mm
Introduction

Rationale
Although fixed appliance treatment has become an integral part of modern orthodontics, it has also been associated with certain adverse effects. Among these white spot lesions (WSLs) are prominent, as they have a negative impact on the esthetic outcome of orthodontic treatment and might progress into carious lesions (1) .
The reported prevalence of WSLs varies considerably, depending on the measurement method/criteria, inclusion of pre-existing developmental enamel defects, and whether tooth surfaces, teeth or patients are used as reference unit. Willmot and Brook (2) reported that every third (37 per cent) treated patient had at least one new post-orthodontic WSL, whereas 24 per cent of treated teeth developed at least one WSL (3) , with the teeth most affected being the maxillary and mandibular first molars, maxillary lateral incisors, mandibular lateral incisors, and mandibular canines (4) . Although treatment duration can influence the prevalence and severity of WSLs (5) , WSLs can also develop within the first 4 weeks of fixed appliance treatment (6) .
Several preventive measures have been suggested to avoid or reduce the development of WSLs during fixed appliance treatment, including fluoride-releasing glass ionomer cements for bonding and banding (5) , daily use of a fluoride mouthrinse (7) , and the use of lingual orthodontic appliances (8) . A recent systematic review (7) found that although such preventive measures during orthodontic treatment might be promising in the short term, robust evidence on their effect during the complete span of orthodontic treatment is lacking.
After removal of fixed appliances, a considerable improvement of WSLs is seen during the first 6-24 months (9) . This observed clinical shrinkage or healing of WSLs after orthodontic treatment can be explained by three factors: 1. removal of an etiologic factor (cariogenic plaque adhered to fixed orthodontic elements) and the return of Srteptococcus mutans and Lactobacillus spp. to their baseline levels (10) combined with 2. abrasion of the surface enamel during tooth brushing (9) and also 3. with remineralization through the use of a fluoride-containing dentifrice or mouthrinse (5, (11) (12) (13) . However, many WSLs persevere even a decade after appliance removal (9) and remain a cosmetic problem. Interventions for the treatment of WSLs after appliance removal move mainly in two axes. Firstly, remineralization of WSLs takes place naturally to a certain degree after appliance removal and the shift to a more enamel-friendly ecosystem (13) . However, interventions such as topical fluoride, casein phosphopeptide amorphous calcium phosphate (CPP-ACP), or selfassembling peptides have also been used as adjuncts to the daily use of fluoride toothpaste to enhance remineralization and improve its efficacy. Secondly, other more invasive techniques like bleaching, the hydrochloric acid-pumice microabrasion technique (14) , or resin infiltration have been implemented in an attempt to improve the clinical appearance of WSLs.
Previous systematic reviews on the subject (15, 16) suffered from issues usually found in similar orthodontic publications (17) (18) (19) like limited literature search (15, 16) , no use of widely accepted frameworks for the evaluation of the strength of evidence (15) or focused on a single category of interventions (15) ; none of them (15, 16) performed meta-analysis to quantify the treatment effects of the various interventions and the associated uncertainty around them.
Objectives
Aim of this present systematic review was to critically assess the evidence from randomized clinical trials on humans investigating interventions aimed to treat or alleviate WSLs of teeth that originated from a previous comprehensive fixed appliance therapy and to conduct meta-analysis, if possible.
Materials and methods
Protocol and registration
The protocol for this review was made a priori based on the PRISMA-P statement (20) , registered in PROSPERO (CRD42016037538), and all post hoc changes were appropriately noted. This systematic review was conducted and reported according to Cochrane Handbook (21) and PRISMA statement (22) , respectively.
Eligibility criteria
According to the Participants, Intervention, Comparison, Outcomes Study design (PICOS) schema, we included parallel or split-mouth randomized and quasi-randomized prospective controlled trials on human patients comparing any intervention for WSLs that were induced from a previous orthodontic treatment to a control/placebo group or to another intervention and assessing therapeutic effects (both effectiveness and efficacy) or adverse effects (Supplementary material 1). Excluded were non-clinical studies, retrospective studies, animal studies, and studies on interventions for the prevention or treatment of WSLs during orthodontic treatment.
Information sources and literature search
A total of eight electronic databases were searched systematically by two authors (DM and MHZ) without any limitations from inception up to 9 May 9 2016 (Supplementary material 2). Two additional sources (Google Scholar and ISRCTN registry) were manually searched for additional trials or protocols by the same authors. Authors of included trials were contacted for additional missed or ongoing trials. No limitations concerning language, publication year, or status were applied. The reference lists and citation lists of the included trials and relevant reviews were manually searched as well.
Study selection
Titles identified from the search were screened by one author (DM) with a subsequent duplicate independent checking of their abstracts/ full-texts against the eligibility criteria by a second author (MHZ), while conflicts were resolved by a third author (SNP).
Data collection
Characteristics of included trials and numerical data were extracted in duplicate by two authors (DM and MHZ) using predetermined and piloted extraction forms. Piloting of the forms was performed during the protocol stage until over 90 per cent agreement was reached. Missing or unclear information was requested by the trials' authors.
Risk of bias in individual trials
The risk of bias of the included trials was assessed using Cochrane's risk of bias tool (21) after initial calibration. A main risk of bias assessment was included in the systematic review pertaining to each trial's primary outcome.
Data synthesis
As the outcome of WSL treatment is bound to be affected by the initial lesion characteristics, used substance, company, and procedure used, as well as patient characteristics, a random-effects model according to DerSimonian and Laird (23) was deemed appropriate to incorporate this variability (24) .
The mean difference (MD) and the odds ratio (OR) with their corresponding 95 per cent confidence interval (CI) were chosen as effect measures for continuous and binary outcomes, respectively. For split-mouth trials, where clustering was not taken into account during the analysis, we additionally tried to contact the trial's authors to request raw data or clustering-adjusted estimates.
Between-trial heterogeneity was quantified with the I 2 statistic, defined as the proportion of total variability in the results explained by heterogeneity, and not chance (25) . The 95 per cent uncertainty intervals (95% UI) (similar to CIs) around the I 2 were calculated (26) using the non-central χ 2 approximation of Q (27) . For meta-analyses of three trials or more, 95 per cent predictive intervals were calculated , which incorporate existing heterogeneity and provide a range of possible effects for a future clinical setting (19) . All analyses were run in Stata SE 10.0 (StataCorp, College Station, Texas, USA) by one author (SNP). A two-tailed P value < 0.05 was considered significant for hypothesis testing, except for P < 0.10 used for the test of heterogeneity (28) .
Risk of bias across studies
The overall quality of evidence for each of the main outcomes was rated as very low, low, moderate, or high using the Grading of Recommendations, Assessment, Development and Evaluations (GRADE) approach (18) . For this assessment, the risk of bias of each included trial was reassessed separately at outcome level.
The minimal clinical important, large, and very large effects were conventionally defined (29) as 0.5, 1, and 2 SDs, respectively. The standard deviation for an outcome was averaged from control groups of the existing trials. Conventional cut-offs of 1.5, 2.5, and 4.3 were adopted for the OR. The produced forest plots were augmented with contours denoting the magnitude of the observed effects (30) . Finally, the optimal information size (i.e. required metaanalysis sample size) was calculated for each outcome independently for α = 5 per cent and β = 20 per cent.
Additional analyses
Possible sources of heterogeneity were planned to be sought through pre-specified mixed-effects subgroup analyses and random-effects meta-regression with the Knapp and Hartung (31) adjustment in meta-analyses of at least five trials. Indications of reporting biases (including small study effects) were planned to be assessed with Egger's linear regression test (32) and contour-enhanced funnel plots, should 10 or more trials be pooled.
Sensitivity analyses
Robustness of the results was planned a priori to be checked with sensitivity analyses based on 1. inclusion/exclusion of trials with low risk of bias, 2. improvement of the GRADE classification, and 3. inclusion/exclusion of cluster randomized trials. We additionally performed two post hoc sensitivity analyses: one to investigate the robustness of different WSL evaluation methods and the other to assess the effect of included number of WSLs/ patient on the results.
Results
Study selection
A total of 594 and 37 papers were identified through electronic (Supplementary material 2) and manual searches, respectively (Figure 1 ). After removal of duplicates and initial screening, 55 papers were assessed using the eligibility criteria, and 22 papers were included in this systematic review (Figure 1; Supplementary material  3) . In one instance, duplicate publications pertaining to the same trial were grouped together; thus, a total of 20 trials from 22 publications were finally included in the systematic review.
Study characteristics
The characteristics of the trials included can be seen in Table 1 . Of the 20 trials included, 17 (85 per cent) were parallel randomized and 3 (15 per cent) were cluster randomized trials, conducted in 12 different countries. They included a total of 942 patients (mean 47.1; range 11-211) with at least 338 male (42.4 per cent) and 460 female (57.6 per cent) patients (gender was not specified in five trials), and with an average age of 16.1 years. Where the information was available, the WSLs that were acquired during the orthodontic fixed appliance phase were treated either directly following debonding or after an intermediate period of up to 14 years. According to their eligibility criteria and protocol, the included trials reported a mean of 8.2 WSLs per patient (range 2.2-45.4). A wide variety of interventions were used to treat the WSLs including CPP-ACP creams (with or without fluoride), external tooth bleaching, low-or highconcentration fluoride materials (in the form of film, gel, mouthrinse, toothpaste, or varnish), resin infiltration, miswak chewing sticks, or bioactive glass toothpaste. After application, the patients were followed for periods ranging from a couple weeks to 6.5 months and investigated outcomes included among others clinical assessments, intraoral photographs, quantitative light-induced fluorescence or 
Risk of bias within studies
The risk of bias assessment for the 20 trials included is shown in Figure 2 . High risk of bias was found in 11 trials (55 per cent) for at least one bias domain. The most problematic domains were the blinding of outcome assessors (problematic in 30 per cent of the trials), followed by selective reporting (found in 25 per cent of the trials), and other risk of bias (found in 15 per cent of the trials). The detailed risk of bias assessment for each trial and each domain can be seen in Supplementary material 4.
Results of individual studies and data synthesis
From the 20 unique trials (22 papers) that were included in the systematic review, 3 reported incomplete data and therefore could not be included in a meta-analysis ( Figure 1 ) and although the authors were contacted, we took no response. The quantitative results of individual studies and the performed meta-analyses are presented in Table 2 . In all instances, the MD and the OR were used for continuous and binary outcomes, respectively, with the exception of the tooth fluorescence outcome. Included studies that assessed tooth fluorescence used either QLF or laser fluorescence methods and therefore the standardized mean difference (SMD) was used to pool these two measures together, while a post hoc sensitivity analysis was conducted to check the robustness of this choice. In cases of original trials that report results at baseline and at a following time point, we converted these into treatment-induced increments at the longest follow-up (after treatment minus before treatment). The needed pre-post correlation was calculated from the trial of Willmot (35), which was the only one that provided raw data in the published paper. In almost all instances, the included trials compared various interventions with a control/placebo group. The only exception is the trial of Andersson et al. (36) that compared head-on-head two interventions and its results are provided separately in Table 2 . For all other cases, multiple trial arms were pooled within a trial before being compared with the control group to avoid double-counting of the control patients (21) . (37) , which lasted for a day. However, the vast majority of comparisons were informed from a single trial.
Risk of bias across studies
Meta-analyses of at least three studies could be performed in just three instances: the outcomes of lesion area (Figure 3 ), lesion fluorescence (Figure 4) , and clinical assessment of the lesion's improvement (Table 2) ; these were chosen as the review's main outcomes to be included in the Summary of Findings Table according to the  GRADE approach (Table 3 ; Supplementary material 5). The overall quality of evidence was judged as low to moderate for the three outcomes, with the main reasons for downgrading being either inconsistency (due to heterogeneity) or imprecision (due to inadequate sample sizes). 
Additional analyses
Subgroup analyses were conducted in order to determine the efficacy of every intervention separately (Supplementary material 6). As can be seen, considerable differences in the efficacy of the various treatments were found for the improvement in both lesion area and enamel fluorescence, which were also statistically significant according to the mixed-effect subgroup analysis. The bioactive glass toothpaste, the CPP-ACP cream with fluoride, and the fluoride varnish seemed to be the most effective in reducing the lesions' area (Supplementary material 7) . On the other side, the fluoridated chewing sticks (miswaks), the fluoride varnish, and the fluoride film (an acidulated sodium fluoride film that is applied and moulds on the teeth) seemed to be the most viable intervention to increase the enamel's fluorescence (Supplementary material 8) .
The follow-up duration after administration of the treatment to the WSLs was not significantly associated with the intervention's effect on the lesion's area. However, significantly greater improvements of the enamel's fluorescence were seen with greater follow-up after treatment administration (P = 0.032; Supplementary material 9). This might not directly be associated with the administered treatment and could possibly be attributed to the prolonged use of fluoride toothpaste during this period.
The sensitivity analysis by excluding trials with high risk of bias indicated only minor difference in effect magnitude with consistent effect direction (Supplementary material 10) . Overall, no statistically significant differences were found, although this could also be attributed to the small sample size. Sensitivity analysis according to the mean number of WSLs per patient indicated that as the mean number of WSLs per patient increased, the improvement seemed to decrease significantly (Supplementary material 10 and 11). Although this should be interpreted with great caution, this might indicate that not all WSLs respond the same to the intervention and trials that assess few WSLs per patient tend to include only those that responded well. Additionally, the sensitivity analysis according to the measurement method for enamel fluorescence indicated that considerable differences existed between QLF and DIAGNOdent, where the latter yielded both greater and more imprecise values (Supplementary material 10 and 12) .
Finally, a sensitivity analysis was performed in order to improve the overall quality of evidence according to GRADE. As the problem of imprecision could not be addressed, the issue of heterogeneity was addressed by breaking down the two heterogeneous outcomes of lesion area and enamel fluorescence in their subgroups according to intervention (Supplementary material 13) . According to this analysis, the use of either fluoride varnish or fluoride film seemed to be the most attractive choice in terms of both outcomes. Even though this did not have the largest effect that was seen among trials, it was still the only choice that is supported by high quality of evidence and is still statistically significant. Therefore, it might be preferable to base clinical decisions for the outcomes of improvement of lesion area and enamel fluorescence on the sensitivity analyses for each separate material rather than the main analyses, where all interventions all pooled, as the overall quality of evidence was poorer.
Discussion
Summary of evidence
This systematic review included 20 randomized and trials and a total of 942 patients. Although some evidence exists on the clinical performance of various interventions for post-orthodontic WSLs, the majority of this evidence originates from small trials with unclear reporting or considerable limitations in their planning, conduct, and reporting. Despite the advances in orthodontic materials and techniques during the last decades, treating resistant post-orthodontic WSLs still remains a challenge.
Overall, available interventions for WSLs provided a small, and possibly clinically irrelevant, improvement of WSL in lesion area, enamel fluorescence, and clinical evaluation groups compared with daily oral hygiene procedures. Both effects were not statistically significant (although close to), probably due to the small effects detected and the observed imprecision.
However, a wide variety of interventions was used in the included studies. Some researchers (39) have warned against the use of highfluoride materials to treat WSLs in esthetically demanding labial tooth surfaces, as the quick surface hypermineralization arrests further demineralization but also remineralization of WSLs. Although this might be preferable in posterior lesions, instant arrest of an anterior lesion might also carry the risk of staining by organic debris and a subtler remineralization with more natural means (i.e. through saliva and low-fluoride materials) might be associated with more esthetically pleasing and stable results (40, 41) . Interestingly, the results of the meta-analyses according to the different interventions used (Supplementary materials 7 and 8), and especially the results of the sensitivity analyses (Supplementary material 13), indicated that a monthly fluoride supplementation in the form of a fluoride varnish of a fluoride film was the most effective protocol to enhance the 'natural' remineralization that takes place due to toothbrushing with a fluoride-containing dentifrice. It has long been known that fluoride inhibits mineral loss during acid dissolution, enhances mineralization of dental enamel, and might also increase the enamel's resistance against demineralization (42) (43) (44) . However, He et al. (37) reported that interventions for WSLs mostly resulted in an improvement of the WSLs, while a complete healing of the WSL is seldom seen [in 2 of the 528 teeth included (37) ]. The use of either a bioactive glass toothpaste or a fluoride-containing CPP-ACP cream was associated with above the average improvement in lesion area, but as this originated from small trials with high risk of bias, caution is warranted by the interpretation of these findings and further confirmatory evidence is needed.
The evaluation method for WSLs is of paramount importance to the accurate detection or measurement of lesions and therefore to clinical research comparing various modalities. Measurement of the lesion's area in the included trials was performed with either photographic evaluation or QLF, and no significant difference between the two methods were found (Supplementary material 10; P = 0.568), which indicates that the levels of validity, repeatability, and agreement between photographic measurements and QLF might be comparable (13, 35, 45, 46) .
On the other hand, this doesn't seem to be the case for the assessment of the WSLs' fluorescence compared with healthy enamel. Two evaluation methods were used in the included trials: a laser fluorescence method based on the red end of the electromagnetic spectrum with light wavelength 655 nm (DIAGNODent, KaVo, Germany) or QLF, which uses a blue light lamp with peak intensity of 370 nm. The results of the sensitivity analyses indicated trials using DIAGNOdent reported significantly greater improvements in fluorescence compared with trials using QLF (Supplementary material 10; P = 0.036). Additionally, the readings regarding the fluorescence improvement in the non-treated WSL with DIAGNOdent were more inconsistent than those with QLF (average SD in the control groups of the included trials of 4.01 and 2.55 for DIAGNOdent and QLF, respectively). This seems to be in agreement with in vitro evidence, where the two methods were compared with the gold standard of histopathology and transverse microradiography which indicates that QLF might be a better method to evaluate mineral loss in carious lesions in enamel (46) (47) (48) . Although the SMD was used in the main meta-analyses, which alleviates part of the variability in measurements and enables pooling of the two methods, it might be prudent to suggest that future trials prefer the use of QLF to WSLs, due to its better validity and repeatability (45, 46) .
Most included trials had a small to modest follow-up of up to 6.5 months after treatment, which might have an impact on the observed results. Existing studies indicate that a 'natural' improvement of WSLs takes place post-debond, which is more pronounced in the first 6 months (9, 13), but continues up to the 12th month and extends up to the second year post-debond (9). Indeed, metaregression analysis indicated that the trials' follow-up period was significantly associated with the improvement of tooth fluorescence (P < 0.05). Therefore, trials with extended follow-up periods might be preferable in order to investigate the complete healing of postorthodontic WSLs.
Strengths and limitations
The strengths of this systematic review include it as a priori registration in PROSPERO (49), the extensive unrestricted literature search, the use of robust methodology pertaining to the qualitative and quantitative synthesis of data (50), the exclusion of biased Table 2 . Results of individual studies and meta-analyses on all outcomes reported by the included studies. n = number of included studies; MD = mean difference; CI = confidence interval; UI = uncertainty interval (confidence interval for the I 2 ); PrI = predictive interval (confidence interval integrating the identified heterogeneity among studies, in order to predict the possible effects in a future study); VAS = visual analogue scale; Tx = treatment (1 = CPP-ACP & F; 2 = F varnish; 3 = Bleaching; 4 = Resin infiltrant; 5 = F film; 6 = BG toothpaste; 7 = CPP-ACP; 8 = F mouthrinse; 9 = F miswak; 10 = Non-F miswak; 11 = F toothpaste; 12 = F gel); Ctr = control; CIE = Commission Internationale de l'Eclairage; WSL = white spot lesion; SAE = sound adjacent enamel; QLF = Quantitative light-induced fluorescence; DD = DIAGNOdent; ICDAS II = International Caries Detection and Assessment System II; OR = odds ratio; DMFT = decayed missing filled tooth index; SMD = standardized mean difference. study designs (51) , transparent reporting of quantitative data for all outcomes from included studies, assessment of the quality of evidence with the GRADE approach (18) , and the use of sensitivity analyses to check the robustness of the results to the risk of bias. However, some limitations are also present in this study. First and foremost, this systematic review included mostly small randomized trials, which can influence the results of the metaanalyses (52). Furthermore, despite our attempts (Supplementary  material 14) , no clarifications or additional outcome data could be obtained from many authors of included studies, many of which used possibly inappropriate analyses methods that disregarded the correlation of multiple WSLs within each patient. Such trials need to take clustering into account during the planning, conduct, and analysis stage (53) and failure to do so might impact their results (54) . Finally, the limited number of included trials precluded robust assessments of heterogeneity, subgroup analyses, small study effects, and reporting biases for most of the outcomes (Supplementary material 15) . 
Continuous outcomes
Recommendations for clinical practice
Based on the available overall evidence, current interventions for WSL, supplemental to daily toothbrushing with a fluoride dentifrice, seem to have only a modest, and possibly clinically irrelevant, added value to the improvement of WSLs (low-quality evidence). Among the available treatments, the monthly use of a 22 600 ppm fluoride varnish or a 5 per cent sodium fluoride film seem to be the best viable protocols to augment daily use of a fluoride dentifrice in terms of both reducing the WSL area and to increasing its esthetic appearance (fluorescence; high quality of evidence). The treatment effects of a bioactive glass toothpaste or a CPP-ACP cream with fluoride seem promising, but high uncertainty exists due to the risk of bias and therefore need to be supported by high-quality evidence before they can be recommended.
Recommendations for further research
The inclusion of additional parallel randomized trials or split-mouth randomized trials is needed. These should preferably use QLF methods in the assessment of enamel demineralization instead of the DIAGNOdent method and follow WSLs treated after debonding for 1-2 years. Additionally, future trials should take into account clustering during the statistical analyses in order to robustly assess the efficacy of various interventions for post-orthodontic WSLs, especially in the long term. Furthermore, well-conducted trials are needed to robustly assess the efficacy of several interventions with limited evidence including CPP-ACP creams with fluoride, bioactive glass dentifrices, bleaching, microabrasion, and resin infiltration. The addition of more future trials will also consolidate the network of available interventions, which at the present time is somewhat scarcely connected (Supplementary material 16). This will enable the ranking of all available treatments according to their efficacy through network meta-analysis, which is considered to provide the highest level of evidence to inform treatment guidelines (55) . Finally, given the complex character of the research question and the multiple treatment groups, outcomes, time points, and the effect clustering can have on a trial's conlusions, orthodontic researchers and journal editors are encouraged to support both the registration and the provision of widely publicly available raw trial data to improve their credibility (56) .
